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Abstract: Pancreatic ductal adenocarcinoma (PDAC) remains one of the most lethal malignancies worldwide due 
to its aggressive nature and limited therapeutic options. HMTA (4-hydroxy-2-methoxy-6-tridecylphenyl acetate), a 
natural alkylphenol derived from Ardisia virens Kurz, has previously demonstrated anti-tumor potential as a tubulin 
polymerization inhibitor. However, its impact on the autophagic machinery in pancreatic cancer remains to be eluci-
dated. In this study, we investigated the anti-cancer effects of HMTA across four human pancreatic cancer cell lines 
(PANC-1, BxPC-3, MIA PaCa-2, and AsPC-1) with varying KRAS mutation statuses. HMTA significantly inhibited cell 
viability in a dose-dependent manner. Mechanistically, HMTA treatment led to a substantial accumulation of LC3-II 
and p62/SQSTM1 proteins. Notably, the expression of upstream autophagy-initiating markers, such as ATG5 and 
Beclin-1, remained unchanged, suggesting a defect in autophagic clearance rather than induction. Using a tandem 
mRFP-EGFP-LC3 fluorescence reporter assay, we found that HMTA obstructs autophagic flux by preventing the fu-
sion of autophagosomes with lysosomes. Furthermore, the combination of HMTA with the autophagy inhibitor chlo-
roquine resulted in enhanced cytotoxicity, whereas the early-stage inhibitor 3-MA partially rescued HMTA-induced 
cell death. Our findings demonstrate that HMTA exerts its anti-pancreatic cancer activity mainly through the block-
ade of autophagic flux, regardless of KRAS background. These results position HMTA as a promising therapeutic 
candidate for the treatment of PDAC.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a 
highly aggressive malignancy characterized by 
an extremely poor prognosis, with a five-year 
survival rate remaining below 10% [1, 2]. The 
silent progression and late-stage diagnosis 
contribute to its lethality, as most patients 
present with locally advanced or metastatic 
disease that is refractory to conventional che-
motherapy [3, 4]. Gemcitabine-based regimens 
and FOLFIRINOX are current standard treat-

ments; however, their efficacy is frequently 
compromised by innate or acquired chemore-
sistance [5]. Therefore, identifying novel the- 
rapeutic agents that can effectively disrupt 
PDAC survival signaling is an urgent clinical 
necessity.

Natural products derived from botanical and 
animal sources represent a vast reservoir of 
bioactive scaffolds, many of which possess sig-
nificant antitumor potential or act as chemo-
sensitizers to enhance traditional therapies [6]. 
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Among these, species of the genus Ardisia 
(Myrsinaceae) have garnered substantial atten-
tion due to their long-standing utility in tradi-
tional medicine and as functional food sources 
[7]. These shrubs and subshrubs are widely dis-
tributed across tropical and subtropical Asia, 
including Taiwan, China, and Southeast Asia 
[8]. In ethnopharmacological practice, the roots 
of Ardisia species are frequently employed to 
manage diverse ailments, such as menstrual 
irregularities, rheumatism, traumatic injuries, 
and inflammatory pain [8, 9]. Extensive phyto-
chemical profiling has identified Ardisia as a 
prolific source of structurally diverse secondary 
metabolites-notably alkylphenols-that exhibit 
potent antioxidant, anti-inflammatory, and anti-
tumor bioactivities [8, 9]. Several isolated alkyl-
phenolic compounds have demonstrated re- 
markable cytotoxicity against various human 
cancer cell lines [10-13]; however, the precise 
molecular targets and the complex signaling 
networks-particularly those involving intracel-
lular homeostasis-that drive alkylphenol-in- 
duced cell death remain largely undefined.

Autophagy is a highly conserved catabolic path-
way that maintains cellular homeostasis by 
sequestering and recycling damaged organ-
elles, misfolded proteins, and microRNAs into 
double-membranous autophagosomes for lyso-
somal degradation [14]. In the context of oncol-
ogy, autophagy functions as a paradoxical 
“double-edged sword”, where its effects are 
strictly dependent on the tumor stage and cel-
lular environment. While it serves as a tumor 
suppressor by preventing early-stage malignant 
transformation in normal cells, it is frequently 
hijacked by established pancreatic ductal ade-
nocarcinoma (PDAC) cells to buffer metabolic 
stress, promote longevity, and survive nutrient 
deprivation [15]. Recent evidence indicates 
that PDAC tissues exhibit high basal levels of 
autophagy, which contributes to therapeutic 
resistance, tumor recurrence, and the mainte-
nance of cancer stem cells [16, 17]. Conse- 
quently, the autophagic process has emerged 
as a critical therapeutic target. Rather than a 
static state, autophagy is a dynamic “flux” 
encompassing initiation, elongation, and the 
final fusion of autophagosomes with lyso- 
somes [18]. Importantly, modern therapeutic 
strategies aim to disrupt this flux; for instance, 
traditional inhibitors like chloroquine (CQ) act 
by blocking autophagosome-lysosome fusion, 

leading to a lethal accumulation of toxic autoph-
agic vacuoles and triggering apoptosis in PDAC 
cells [19]. Therefore, a precise, context-specific 
understanding of how manipulating autopha- 
gic flux influences survival and resistance is 
essential for designing effective, targeted PDAC 
therapies.

The integrity of the microtubule network is  
fundamental to the successful execution of 
autophagic flux, as microtubules serve as the 
essential “tracks” for the retrograde transport 
of autophagosomes toward lysosomes for 
eventual fusion [20, 21]. Consequently, phar-
macological agents that disrupt microtubule 
dynamics often interfere with the late-stage 
maturation of autophagy. In our previous inves-
tigation, we identified HMTA as a potent tubulin 
polymerization inhibitor that triggers mitotic 
arrest and subsequent apoptosis in multiple 
cancer models [12]. While the anti-proliferative 
effects of HMTA are well-documented, its 
potential role in modulating the autophagic 
machinery-specifically whether its microtubule-
disrupting property leads to the obstruction of 
autophagic clearance in pancreatic cancer-
remains unexplored.

In the present study, we systematically evalu-
ated the anti-cancer efficacy of HMTA across a 
panel of human pancreatic cancer cell lines 
(PANC-1, BxPC-3, MIA PaCa-2, and AsPC-1) 
encompassing diverse KRAS mutation profiles. 
Although HMTA-induced tubulin polymerization 
inhibition, mitotic arrest, and apoptosis have 
been reported previously [12], whether HMTA 
affects autophagic flux in pancreatic cancer 
cells has not been defined. Here, we show that 
HMTA obstructs autophagic flux by impairing 
autophagosome-lysosome fusion, leading to 
the accumulation of LC3-positive autophago-
somes and p62/SQSTM1. These findings high-
light HMTA-mediated autophagic flux blockade 
as a previously uncharacterized mechanism 
underlying its anti-pancreatic cancer activity.

Materials and methods

Cell lines and cell culture

Human pancreatic cancer cell lines (PANC-1, 
BxPC-3, MIA PaCa-2, and AsPC-1) were pur-
chased from the Bioresource Collection and 
Research Center in Taiwan. PANC-1 and MIA 
PaCa-2 cells were cultured in Dulbecco’s modi-
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fied Eagle’s medium (DMEM; Gibco BRL, Grand 
Island, NY, USA) containing 10% fetal bovine 
serum (FBS) and 1% penicillin/streptomycin 
(P/S). BxPC-3 and AsPC-1 cells were cultured in 
RPMI-1640 medium (Gibco BRL) containing 
10% FBS, 1% P/S, and 1% sodium pyruvate. All 
cells were maintained at 37°C in a humidified 
incubator with 5% CO2.

Reagents and treatment

HMTA was dissolved in dimethyl sulfoxide 
(DMSO) to prepare a 10 mg/mL stock solution 
and stored at -20°C protected from light until 
use. For cell treatment, the HMTA stock solu-
tion was diluted in culture medium to the indi-
cated final concentrations. The final concentra-
tion of DMSO was maintained at 0.01% in both 
control and HMTA-treated groups. HMTA con-
centrations are presented as μg/mL in the 
main text, with molar equivalents provided for 
comparison. Based on the molecular weight of 
HMTA (364.526 g/mol), 0.25, 0.5, 1, 2, 5, and 
10 μg/mL correspond to 0.69, 1.37, 2.74, 5.49, 
13.72, and 27.43 μM, respectively.

Cell viability assay

Cells (5 × 103 cells per well) were seeded into 
96-well plates and allowed to adhere overnight. 
The following day, cells were treated with either 
control medium containing 0.01% dimethyl sulf-
oxide (DMSO; Sigma-Aldrich, St. Louis, MO, 
USA) or medium supplemented with HMTA at 
the indicated concentrations and time points. 
Cell viability was assessed using the 3-[4,5- 
Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 
bromide (MTT) solution (Sigma-Aldrich, St. 
Louis, MO, USA) according to the manufactur-
er’s instructions [12]. All experiments were per-
formed in triplicate, and data were obtained 
from three independent experiments.

Cell viability was also evaluated using the try-
pan blue exclusion assay. Cells were seeded 
into 24-well plates at a density of 2 × 104 cells/
well in medium containing 10% FBS and cul-
tured overnight. The medium was then replac- 
ed with 5% FBS-containing medium supple-
mented with the indicated concentrations of 
HMTA or DMSO (vehicle control). After 24 h of 
treatment, cells were collected by trypsiniza-
tion, combined with the culture medium, and 
centrifuged at 3,000 rpm for 5 min at 4°C. The 

cell pellet was resuspended, and an equal vol-
ume of cell suspension and 0.4% trypan blue 
solution (Sigma-Aldrich) was mixed and incu-
bated for 1-3 min. Viable and trypan blue-posi-
tive cells were counted using a hemocytometer 
under an inverted microscope. The percentage 
of cell death was calculated as the number of 
trypan blue-positive cells divided by the total 
number of cells.

Western blotting

To investigate the molecular mechanisms of 
HMTA, cells were treated with control medium 
(0.01% DMSO) or with HMTA at the indicated 
concentrations. After treatment, total cellular 
proteins were extracted and quantified. Equal 
amounts of protein were resolved by SDS-PAGE 
and transferred to polyvinylidene difluoride 
(PVDF) membranes. Membranes were blocked 
with 5% non-fat milk, incubated with specific 
primary antibodies (all diluted at a range of 
1:1,000 to 1:1,500), and then with horseradish 
peroxidase (HRP)-conjugated secondary anti-
bodies. Immunoreactive bands were detected 
by enhanced chemiluminescence (ECL) as 
described previously [12, 22-25]. The primary 
antibodies used in this study included: mouse 
anti-LC3 (Santa Cruz; sc-398822), rabbit anti-
mTOR (Cell Signaling; 2972), rabbit anti-p-mTOR 
Ser2481 (Cell Signaling; 2974), rabbit anti-
ATG5 (Cell Signaling; 12994), rabbit anti-
Beclin-1 (Cell Signaling; 3495), mouse anti-
SQSTM1 (p62; Santa Cruz; sc-48402), and 
mouse anti-β-actin (Santa Cruz; sc-47778).

Immunofluorescence staining

Cells were seeded onto coverslips in 10-cm  
culture dishes and allowed to adhere overnight 
at 37°C. After treatment with medium contain-
ing either DMSO or HMTA for 24 h, cells were 
subjected to immunofluorescence staining. 
Autophagosomes were detected with an anti-
LC3 primary antibody (Medical & Biological 
Laboratories; diluted at 1:200 to 1:500) over-
night at 4°C, followed by incubation with fluo-
rescein isothiocyanate (FITC)-conjugated sec-
ondary antibodies (GeneTex). Nuclei were co- 
unterstained with 4’,6-diamidino-2-phenylin-
dole (DAPI; Sigma-Aldrich). Autophagosome for-
mation was assessed as previously described 
[26] using a ZEISS LSM 800 laser-scanning 
confocal microscope (Oberkochen, Germany).



HMTA blocks autophagic flux in pancreatic cancer

3425	 Am J Cancer Res 2026;16(8):3422-3432

Plasmid transfection

To observe autophagosome and autolyso- 
some formation in cells treated with HMTA, 
cells were transfected with the pmRFP-EGFP-
LC3 plasmid (Addgene, Watertown, MA, USA) 
using Lipofectamine 2000 (Thermo Scientific, 
Waltham, MA, USA) according to the manufac-
turer’s protocol. After HMTA treatment, au- 
tophagosome and autolysosome formation 
were assessed as previously described [26] by 
laser-scanning confocal microscopy (ZEISS).

Statistical analysis

All data are presented as the mean ± standard 
deviation (SD) from at least three independent 
experiments. Statistical analyses were carried 
out using SPSS software (version 16.0). For 
comparisons among multiple groups, one-way 
analysis of variance (ANOVA) followed by 
Dunnett’s or Tukey’s post-hoc test was utilized, 
whereas comparisons between two groups 
were performed using the Student’s t-test. A 
p-value of less than 0.05 was considered sta-
tistically significant for all analyses.

Results

HMTA attenuates cell viability in human pan-
creatic cancer cells

To evaluate the anti-cancer efficacy of HMTA, 
we performed MTT assays across a panel of 
four human pancreatic cancer cell lines-
PANC-1, BxPC-3, MIA PaCa-2, and AsPC-1-
representing diverse genetic backgrounds. 
Cells were exposed to various concentrations 
of HMTA for 24, 48, and 72 h. As shown in 
Figure 1, HMTA treatment resulted in a dose- 
and time-dependent reduction in cell viability 
across all tested lines. 

The calculated IC50 values (Table 1) revealed 
that sensitivity to HMTA varied among the cell 
lines, with the potency ranking as follows: MIA 
PaCa-2 > PANC-1 > AsPC-1 > BxPC-3. Notably, 
HMTA demonstrated inhibitory effects regard-
less of KRAS mutation status; it was effective 
in both KRAS wild-type cells (BxPC-3) and 
KRAS-mutant cells (PANC-1, AsPC-1, and MIA 
PaCa-2). Based on these preliminary findings 
and the representativeness of KRAS status, 
BxPC-3 and PANC-1 were selected as the pri-

Figure 1. HMTA attenuates the cell viability of human pancreatic cancer cells in a dose- and time-dependent man-
ner. (A) PANC-1, (B) BxPC-3, (C) MIA PaCa-2, and (D) AsPC-1 cells were treated with various concentrations of HMTA 
for 24, 48, and 72 h. The concentrations of 0.25, 0.5, 1, 2, 5, and 10 μg/mL correspond to 0.69, 1.37, 2.74, 5.49, 
13.72, and 27.43 μM, respectively. Cell viability was determined by MTT assay. Data are presented as the mean ± 
S.D. (n = 6) from three independent experiments. DMSO was used as a vehicle control. *P < 0.05, **P < 0.01, ***P 
< 0.001 compared with the control group.
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mary models for subsequent mechanistic 
investigations into HMTA-induced cytotoxicity 
and autophagic modulation. Specifically, PANC-
1 was selected as a KRAS-mutant model with 
relatively high sensitivity to HMTA, whereas 
BxPC-3 was selected as a KRAS wild-type 
model that also exhibited a measurable res- 
ponse to HMTA treatment.

HMTA treatment induces LC3-II accumulation 
and promotes autophagosome formation

To determine whether HMTA modulates the 
autophagic process, we first examined the 
expression of LC3-II, a hallmark protein associ-
ated with the formation of autophagosomal 
membranes. Western blot analysis revealed 
that treatment with HMTA led to a significant 
increase in LC3-II levels in both PANC-1 and 
BxPC-3 cells (Figure 2A). Notably, the elevation 
of LC3-II was observed at relatively low concen-
trations, reaching a plateau without a strict 

mulation, we utilized several pharmacological 
modulators. The addition of the early-stage 
autophagy inhibitor 3-MA (10 mM) effectively 
attenuated the HMTA-induced LC3 puncta, sup-
porting the interpretation that the accumula-
tion was derived from the autophagic pathway. 
Conversely, combining HMTA with the autopha-
gy inducer rapamycin (200 nM) or the lysosom-
al inhibitor chloroquine (CQ; 20 μM) did not fur-
ther augment the number of puncta compared 
to HMTA treatment alone (Figure 3). These 
results suggest that HMTA treatment triggers 
the accumulation of autophagosomes, likely by 
modulating the later stages of the autophagic 
process.

HMTA does not alter the expression of core 
autophagy-initiating proteins

To further elucidate whether the observed 
increase in LC3-II and autophagosome accu-
mulation resulted from the induction of de  

Table 1. Cytotoxic potency (IC50 values) of HMTA in various human pancreatic cancer cell lines
IC50(μg/ml) PANC-1 BxPC-3 MIA PaCa-2 AsPC-1

24 h 1.627±0.096 3.652±1.348 0.894±0.083 1.970±0.179
48 h 0.778±0.082 1.831±0.291 0.225±0.012 0.371±0.042
72 h 0.122±0.011 0.409±0.082 0.206±0.041 0.222±0.016

Figure 2. HMTA treatment triggers an increase in LC3-II protein expression. 
A. PANC-1 and BxPC-3 cells were incubated with indicated concentrations of 
HMTA for 12 h. B. Cells were treated with 1 μg/mL HMTA for the indicated 
time intervals. The expression levels of LC3-I and LC3-II were determined by 
Western blotting. β-actin served as an internal loading control. Relative den-
sity values of LC3-II normalized to β-actin are shown below the correspond-
ing blot panels. Densitometric values were normalized to the corresponding 
DMSO control.

dose-dependent progression, 
which may suggest a high 
potency in obstructing the 
autophagic pathway. Further- 
more, a time-course analysis 
demonstrated that LC3-II lev-
els increased as early as 
12-24 h post-treatment and 
remained elevated through 
48 h, indicating a sustained 
effect of HMTA on the autoph-
agic machinery (Figure 2B).

To further visualize this  
phenomenon, we performed 
immunofluorescence staining 
to detect LC3-positive punc- 
ta (representing autophago-
somes). As shown in Figure 3, 
HMTA treatment resulted in a 
marked increase in the num-
ber of green fluorescent punc-
ta in both cell lines compared 
to the DMSO control. To vali-
date the nature of this accu-
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Figure 3. HMTA promotes the accumulation of autophagosomes in pancreatic cancer cells. (A, C) PANC-1 and (B, D) BxPC-3 cells were treated with HMTA (1 μg/
mL; 2.74 μM) for 24 h in the presence or absence of 3-MA, chloroquine (CQ), or rapamycin. Autophagosome formation was assessed by immunofluorescence stain-
ing using an anti-LC3 antibody and visualized by confocal microscopy. Nuclei were counterstained with DAPI (blue). Arrows indicate the localization of LC3-positive 
autophagosomes. 
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novo autophagy or the inhibition of autophagic 
clearance, we examined the expression levels 
of several core autophagy-related proteins. 
Western blot analysis demonstrated that HMTA 
treatment did not significantly modulate the 
expression of ATG5 or Beclin-1, both of which 
are essential components for the initiation and 
elongation of autophagosomes, in either BxPC-
3 or PANC-1 cells.

Furthermore, we assessed the activity of the 
mTOR signaling pathway, a primary negative 
regulator of autophagy induction. Our results 
showed that the levels of total mTOR and its 
activated form, phospho-mTOR (Ser2481), re- 
mained largely unchanged following HMTA 
exposure (Figure 4). Additionally, the levels of 
p62 (SQSTM1), an adapter protein that is typi-
cally degraded during successful autophagic 
flux, did not show a significant decrease, fur-
ther suggesting that the autophagic degrada-
tion process was not enhanced. Semi-quan- 
titative densitometric analysis of the Western 
blot data showed no consistent HMTA-induced 
alteration in mTOR/β-actin, p-mTOR/β-actin, 
ATG5/β-actin, or Beclin-1/β-actin values, while 
p62/SQSTM1 levels were not reduced after 
HMTA treatment. These findings indicate that 
HMTA does not act as a conventional auto- 

phagy inducer but instead likely interferes with 
the downstream machinery of the autophagic 
pathway.

HMTA obstructs autophagic flux and potenti-
ates cytotoxicity in pancreatic cancer cells

Since HMTA treatment led to autophagosome 
accumulation without significantly modulating 
upstream autophagy-initiating proteins, we fur-
ther investigated whether HMTA blocks autoph-
agic flux. BxPC-3 and PANC-1 cells were trans-
fected with a pmRFP-EGFP-LC3 tandem report-
er. In this system, the EGFP signal is sensitive 
to acidic environments and is quenched upon 
fusion with lysosomes, whereas the mRFP sig-
nal remains stable; thus, autophagosomes 
appear as yellow puncta (GFP+/RFP+), while 
autolysosomes appear as red-only puncta 
(GFP-/RFP+).

Confocal microscopy analysis revealed that 
control cells exhibited minimal fluorescence, 
while cells treated with rapamycin (200 nM) 
showed a significant increase in both yellow 
and red-only puncta, indicating an active and 
complete autophagic flux (Figure 5). HMTA-
treated cells displayed a predominant accumu-
lation of yellow puncta with a notable scarcity 
of red-only puncta, a pattern similar to that 
observed in cells treated with the lysosomal 
inhibitor chloroquine (20 μM) (Figure 5). These 
findings support the interpretation that HMTA 
disrupts the autophagic process by impairing 
the fusion of autophagosomes with lysosomes, 
thereby blocking autophagic flux.

To evaluate the functional consequence of  
this blockade, we assessed whether the inhibi-
tion of autophagic flux contributes to HMTA-
mediated cell death using trypan blue exclu-
sion assays. Both HMTA and CQ individually 
increased the percentage of nonviable cells in 
PANC-1 and BxPC-3 lines. Importantly, the com-
bination of HMTA and CQ produced a signifi-
cantly higher rate of cell death compared to 
either treatment alone (Figure 6). Collectively, 
these data suggest that HMTA-induced anti-
cancer activity is mediated, at least in part, by 
the blockade of autophagic flux.

Discussion

Pancreatic ductal adenocarcinoma (PDAC) 
remains a formidable clinical challenge due to 
its intricate genetic landscape and the rapid 

Figure 4. HMTA treatment does not markedly modu-
late the expression of core autophagy-initiating pro-
teins. PANC-1 and BxPC-3 cells were treated with 
DMSO or HMTA (μg/mL) for 12 h. The expression lev-
els of mTOR, p-mTOR, ATG5, Beclin-1, and p62 were 
examined by Western blotting. β-actin was used as 
a loading control. Relative density values are shown 
below the corresponding blot panels. mTOR, p-mTOR, 
p62/SQSTM1, ATG5, and Beclin-1 were normalized 
to β-actin. Densitometric values were normalized to 
the corresponding DMSO control.
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Figure 5. HMTA obstructs autophagic flux by impairing autophagosome-lysosome fusion. (A) PANC-1 and (B) BxPC-3 cells were transfected with the pmRFP-EGFP-LC3 
tandem reporter and treated with HMTA (1 μg/mL), Rapamycin (200 nM), or Chloroquine (CQ; 20 μM) for 24 h. In this assay, yellow puncta indicate autophagosomes 
before lysosomal fusion, in which both EGFP and mRFP signals are retained, whereas red-only puncta indicate autolysosomes after fusion with acidic lysosomes, 
where the EGFP signal is quenched but the mRFP signal remains stable. Autophagosomes and autolysosomes were visualized by confocal microscopy. (C, D) Quan-
titative analysis of LC3 puncta per cell. Data represent mean ± S.D. *P < 0.05, **P < 0.01, ***P < 0.001 compared with control. Arrows indicate autophagosomes; 
arrowheads indicate autolysosomes. 
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development of chemoresistance. In the pres-
ent study, we provide evidence that HMTA, a 
natural alkylphenol, exerts anti-pancreatic can-
cer activity in PDAC cells. Our findings suggest 
that HMTA-induced cytotoxicity is associated, 
at least in part, with the blockade of autophagic 
flux. 

A pivotal finding of our study is that HMTA effec-
tively inhibits PDAC cell viability regardless of 
KRAS mutation status. While oncogenic KRAS 
mutations (present in nearly 99% of PDAC 
cases) are known to upregulate basal autopha-
gy to support tumor survival under metabolic 
stress [16, 27], both KRAS wild-type (BxPC-3) 
and KRAS-mutant (PANC-1) cells exhibited  
sensitivity to HMTA-mediated autophagic flux 
obstruction. This suggests that HMTA may 
affect a common vulnerability in the autopha-
gic machinery that is essential across diverse 
genetic backgrounds of pancreatic cancer.

The mechanistic link between HMTA’s previ-
ously reported activity as a tubulin polymeriza-
tion inhibitor and the autophagic flux defect 
observed in the present study remains an 
important issue for further investigation. 
Successful autophagic flux is closely associat-
ed with the microtubule cytoskeleton, which 
provides the necessary tracks for the retro-
grade transport of autophagosomes toward 
lysosomes [28]. Acetylated microtubules, in 
particular, are required for the efficient fusion 
of these vesicles to form autolysosomes [21]. 
Given that HMTA disrupts microtubule dynam-
ics [12], it is possible that HMTA-mediated 

tubulin inhibition may contribute to a failure in 
vacuolar trafficking, resulting in the accumu- 
lation of undegraded autophagosomes. This 
“trapping” of autophagic cargo may impair the 
recycling of cellular components and increase 
cellular stress, thereby contributing to HMTA-
induced cytotoxicity. However, this microtubule-
related mechanism was not directly examined 
in the present study. Future studies using co-
immunofluorescence staining of α-tubulin or 
acetylated tubulin with LC3 and/or lysosomal 
markers will be important to further clarify how 
HMTA affects microtubule-dependent autopha-
gosome trafficking and autophagosome-lyso-
some fusion.

Furthermore, our study highlights the potential 
of HMTA in overcoming therapeutic resistance. 
Autophagy has been implicated in promoting 
resistance to targeted therapies [29], such as 
the KRASG12D inhibitor MRTX1133, by prevent-
ing apoptosis through enhanced metabolic 
pathways [30]. Recent studies have shown that 
pharmacological inhibition of autophagic flux 
using agents like chloroquine can sensitize 
PDAC cells to these inhibitors and even trig- 
ger adaptive immune responses [30]. Our 
observation that combining HMTA with chloro-
quine significantly enhances cell death sug-
gests a potential benefit of combined late-
stage autophagy blockade. Although both 
agents may affect late-stage autophagy, they 
may interfere with this process through partial-
ly distinct mechanisms. Chloroquine primarily 
blocks lysosomal acidification and autophagic 
degradation, whereas HMTA may impair 

Figure 6. Blockade of autophagic flux by HMTA potentiates cell death in pancreatic cancer cells. (A) PANC-1 and (B) 
BxPC-3 cells were treated with HMTA and/or chloroquine (CQ) for 24 h. The percentage of cell death was determined 
by trypan blue exclusion assay. Data are expressed as mean ± S.D. Pairwise comparisons were analyzed by Stu-
dent’s t-test. **P < 0.01, ***P < 0.001 compared with control; #P < 0.05, ##P < 0.01 for the combination group 
compared with HMTA alone. 
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autophagosome trafficking and autophago-
some-lysosome fusion, possibly through micro-
tubule disruption. Therefore, the increased cell 
death observed with the combination may 
reflect a more complete impairment of autoph-
agic clearance and increased cellular stress, 
rather than formally demonstrated pharmaco-
logical synergy. This positions HMTA as a prom-
ising candidate for combination therapies 
aimed at circumventing the autophagic survival 
mechanisms that contribute to resistance in 
current PDAC treatments.

In conclusion, our data suggest that HMTA 
exerts its anti-PDAC activity by obstructing 
autophagosome-lysosome fusion, a process 
possibly associated with its disruption of the 
microtubule network. These results provide a 
possible mechanistic basis for the further eval-
uation of HMTA as a multifaceted therapeutic 
agent capable of targeting the unique vulnera-
bilities of pancreatic12 cancer cells.
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